This paper presents recent achievements in laboratory based instrumentation for X-ray Absorption Fine Structure Spectroscopy (XAFS). The key component of the spectrometer is a HAPG mosaic crystal, which is employed in von Hamos geometry. Due to the high efficiency of HAPG a low power micro focus X-ray tube can serve as X-ray source. Besides a description of the spectrometer, the paper covers the treatment of the CCD images in detail. The latter is crucial in order to entirely exploit the potential of the HAPG (highly annealed pyrolytic graphite) spectrometer. One section is dedicated to applications. As a first kind of application, the concentrations of two different iron species in mixtures are determined. A second kind of typical usage of XAFS is the determination of bond lengths from the EXAFS. This XAFS application is demonstrated with metallic Ni as reference material.
Introduction
The spectroscopy of X-ray absorption fine structure (XAFS) is a well established and versatile method for the investigation of the electronic structure or for the identification of chemical compounds as well as bonding lengths and coordination within molecules. Synchrotron radiation facilities usually offer experimental stations for these X-ray absorption near edge structure (XANES) or extended X-ray absorption fine structure (EXAFS) called methods. Both differ in the offered energy range around the selected ionization edge, where XANES is mainly in an interval of 50 eV to 100 eV around the edge and EXAFS describes the wider range. XANES and EXAFS are applied in many fields of research, like medicine, biology, geology, or material science.
Consequently, this wide range of applications triggered the interest in X-ray tube based spectrometers suitable for absorption spectroscopy. The major challenge for the development of such a spectrometer is the low brilliance of X-ray tubes compared to synchrotron radiation sources. Therefore, besides the use of highly brilliant X-ray tubes, efficient optical schemes play an important role in these developments. Another difference to measurements at Synchrotron radiation beamlines is that with this spectrometer there is no monochromatic excitaa Technical University Berlin, Sekr. EW 3-1, Hardenbergstr. 36, 10623 Berlin, Germany. Fax: +49 (0)30 / 314 23018; Tel: +49 (0)30 / 314 23015; E-mail: Christopher.Schlesiger@tu-berlin.de b Technical University Berlin, Sekr. EW 3-1, Hardenbergstr. 36, 10623 Berlin, Germany. c current affiliation: IAP e.V., Rudower Chaussee 29/31, 12489 Berlin, Germany. d Max-Born-Institut, Max-Born-Straße 2a, 12489 Berlin, Germany. tion but the spectral resolving power is done in the detection channel and so we get one spectrum at once. Szlachetko et al. 1 recently presented a high transmissiontype curved crystal spectrometer based on the modified Du-Mond slit geometry with the possibility to measure XAFS spectra. In the first order of reflection the spectrometer reached a spectral resolving power of ∆E ranging from 2.40 eV up to 3.11 eV for different slit widths.
Another spectrometer using a Rowland-circle monochromator and a low power X-ray tube was built up and presented by Seidler et al. 2 . This spectrometer has a spectral resolving power of ∆E = 1 eV in the range from 5 keV up to 10 keV, providing count rates for XES comparable to those achieved at monochromatized spectroscopy beamlines at synchrotron radiation sources.
Wei et. al. 3 demonstrated the use of doubly curved crystal optics in combination with a low power micro focus Xray tube for XANES spectroscopy. Although the geometry is not designed for energy scanning, the authors could show, that within a small energy range of around 100 eV, the spectral resolving power is sufficient for XANES. They further could show, that the large solid angle of the optic facilitates reasonable acquisition times of about 1 h for an energy range of approximately 70 eV at the Mn K absorption edge although a low power x-ray tube is used.
Several experiments for XAS in the laboratory were performed by Maeda et. al. 4 , Sano et al. 5 , Nomura et al. 6 and Matsushita et al. 7 . The achieved spectral resolving power as well as the efficiency with the presented HAPG spectrometer is higher in comparison to the spectrometer used in these publications. Therefore especially the measurement time is reduced to get the desired statistical accuracy of better than 0.16% . In contrast they focus the radiation onto the sample and therefore the influence of the lateral homogeneity is minimized.
In this paper, we present recent progress in the development of a von Hamos spectrometer for XANES spectroscopy in transmission mode. This development was driven by the need for a versatile laboratory spectrometer which is capable of combining sufficient spectral resolving power with high efficiency. The key component of this setup is the X-ray optic, which is based on Highly Annealed Pyrolitic Graphite (HAPG) and combines sufficient spectral resolving power with high efficiency. With this HAPG X-ray optic XANES or EX-AFS spectra can be acquired within minutes to hours, whereby an air cooled low power X-ray tube serves as X-ray source. The possibilities and limitation with this spectrometer have to be considered especially keeping in mind the needed spectral resolving power for the XANES region and the high signal-tonoise ratio for EXAFS measurements.
HAPG is a recently developed mosaic crystal and very similar to Highly Oriented Pyrolitic Graphite (HOPG). Therefore, it also owns an integral reflectivity more than one order of magnitude higher than those of perfect crystals. Already HOPG was used for high resolution spectroscopy. Ice and Sparks 8 were the first to evaluate the properties of a HOPG based von Hamos spectrometer. Legall et. al. demonstrated the use of HAPG in a von Hamos spectrometer and its suitability for X-ray absorption spectroscopy 9 .
Within this paper, we will describe the characteristics and demonstrate the performance of such spectrometers. We exemplify the range of possible applications by two demonstration experiments. In a first experiment, the concentration ratio of two different iron compounds is determined by absorption spectroscopy using the spectral range near the edge, commonly known as XANES. The second application, which also is a common use of EXAFS at synchrotron radiation facilities, is the determination of bond lengths in molecules. This technique uses a wider spectral range to get the bonding distances. Both techniques can be used in applications for example like catalysis where it is necessary to know the chemical species by means of oxidation state and coordination within a molecule or mineralogy where the oxidation state and especially its ratio is of interest.
An entire section is dedicated to the evaluation of the Xray image. The crystals mosaicity severely affects the X-ray image. In order to benefit from the high integral reflectivity it is crucial to evaluate the complete X-ray pattern. Furthermore, the mapping of the X-ray energies to the location of the CCD's pixels must be modeled properly in order to preserve the optimal spectral resolution. The image treatment, therefore, is a major step forward compared to the first demonstration experiments, where only the central row of pixels was used 9 . The reduced to get the desired statistical accuracy of better than 55 0.16% . In contrast they focus the radiation onto the sample 56 and therefore the influence of the lateral homogeneity is min-57 imized.
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The so called mosaic focussing fulfills the requirements for the Johannson geometry for flat mosaic crystals. Due to the mosaic structure, there are crystallites appropriately oriented and positioned.
main advantage of the new image evaluation, presented in this contribution, is that most of the image's intensity is used without decreasing the spectral resolving power. Usually these images have been evaluated by using a rectangular integration of the image. This procedure ignores the image formation due to the chosen geometry and therefore must be adapted to ensure the highest spectral resolving power with the best statistics by using the maximal information given by the images.
The HAPG von Hamos Spectrometer
The use of a cylindrically shaped crystal as a way to combine high spectral resolution with a high solid angle of detection was first published by von Hamos in 1934 10 . In this geometry, a cylindrically bent crystal is used as the dispersive element, which is hence flat in the dispersion plane. When the Xray source is placed on the cylinder axis, all energies reflected on the crystal will sagittaly be focused onto the cylinder axis again, hence increasing the solid angle in comparison to flat crystals for a given CCD camera size. Ice and Sparks 8 were the first to use Highly Oriented Pyrolitic Graphite (HOPG) as crystal in von Hamos geometry, which has the advantage of exceptional high integral reflectivity, further enhancing the efficiency of this optical scheme. Figure 1 shows the so-called mosaic focusing, the reason for the 20 to 50 times higher integral reflectivity of mosaic crystals. For further details, we refer the reader to the excellent publication of Ice and Sparks 8 , who describe the properties of HOPG based von Hamos spectrometers in detail. Highly Annealed Pyrolitic Graphite (HAPG) is a recently developed type of pyrolitic graphite with, compared to HOPG, lower mosaicity, which is particularly suited for applications requiring high spectral resolving power. It is a flexible material, with which strongly curved optics can be manufactured without corrupting the spectral resolution.
The X-ray sources we used for this work, were air cooled With the X-ray tube based HAPG von Hamos spectrome-172 ter, XANES spectra can be taken from approximately 3.5 keV 173 up to 20 keV. The lower limit is given by geometrical restric-174 tions whereas the higher limit is given by the detection limit Fig. 2 The HAPG von Hamos spectrometer. From left to right: X-ray source, specimen in transmission mode, sagittaly bent HAPG crystal as a dispersive element, CCD positioned perpendicular to the beam micro focus X-ray tubes with a power of 30 Watt, a spot size of 60 µm and molybdenum or copper as anode material. An indirect X-ray CCD of the type Andor Newton A-DY940P-FO-CSI with a spatial resolution of 50 µm and a size of 1x0.25 inch 2 is used for the detection of the reflected X-rays. The HAPG optic has a size of 5x5 cm 2 and a bending radius of 150 mm. The mosaicity of the HAPG film is 0.1 • and it has a thickness of 40 µm. The large curvature radius results in large distances between the optical elements, e.g. more than half a meter for X-ray energies around 8 keV. It is, however, required to minimize the degradation of the spectral resolving power by mosaicity effects as Ice and Sparks 8 showed in their publication. Between source and optic and optic and detector respectively vacuum tubes are plugged in to decrease the absorption on air and hence the acquisition time. The specimen is placed close to the exit window of the X-ray tube. A specimen size of a few mm 2 is sufficient. A beam shutter is required to avoid image blurring during the readout of the CCD. A scheme of the setup is shown in figure 2 .
In contrast to von Hamos' conventional layout, the detector is oriented perpendicular to the beam. The small pixel size of current X-ray CCDs favors this geometry, which avoids a shallow angle of incidence and extends the range of energy, which can be detected with one image.
The spectral resolving power was determined by the examination of a characteristic X-ray tube line. We used the W Lα1 line at 8.4 keV, which has a natural line width of 6.61 eV 11 . The spectral broadening of the line by the spectrometer was determined with 4.6 eV. Figure 3 displays the spectral resolving power of the HAPG spectrometer, according to the relations given by Ice and Sparks 8 .
With the X-ray tube based HAPG von Hamos spectrometer, XANES spectra can be taken from approximately 3.5 keV up to 20 keV. The lower limit is given by geometrical restrictions whereas the higher limit is given by the detection limit of the CCD. In our case the useful range covers from 5 keV up to 14 keV mainly limited by geometrical restrictions du to the lead shielding. K-edges can be analysed for elements from Ti Fig. 4 The absorption spectrum of a 6 µm Ni foil is shown. The spectrum measured at a synchrotron radiation source has a better statistics, but nevertheless, almost all spectral features are distinguishable in the spectrum accumulated with the presented laboratory setup. Especially in the edge region are differences due to the lower spectral resolving power of the laboratory spectrometer which limit the use of XAS with this spectrometer by the means of evaluating XANES spectra.
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to Br, L-edges from Cs to Hg (whole L-edge series). Provided the sample thickness is within the optimal range between one and three times the absorption length at the respective absorption edge, acquiring a spectrum with reasonable signal to noise ratio requires 10 min to 30 min. If the analyte's concentration is low, or if an excellent signal to noise ratio is required, the acquisition time will be higher. Figure 4 compares the XANES spectrum of a 6 µm thick Ni foil obtained by our von Hamos spectrometer with a spectrum obtained at a synchrotron beamline. The latter was gathered at the X23A2 Beamline at the Natioal Synchrotron Light Source (NSLS), which covers an energy range from 4.9 keV up to 30 keV with an spectral resolving power of E/∆E of 5000 at a bending magnet source. The effects caused by the lower spectral resolving power of the laboratory setup are vis- ible in the broadening of the sharp spectral features close to the absorption edge. The excellent overall resemblance of the two spectra, however, proves the high quality the XAFS can be determined with it. The HAPG based XANES spectrometer clearly is suited for the determination and discrimination of chemical compounds, even if they only show slight differences in their respective absorption fine structure.
From Image To Spectrum
In order to obtain high quality XANES spectra like displayed in figure 4 , appropriate treatment of the image is crucial. The change in geometry as well as the peculiarities of the mosaic crystal must be considered.
The geometry of the spectrometer presented differs from the classical von Hamos geometry. The surface of the CCD screen is aligned perpendicular to the central X-ray beam. Its surface, therefore intersects with the X-ray cones reflected from the crystal. The focusing condition is fulfilled for one energy only. The other energies are mapped to segments of ellipses. For shallow angles and the small cone segments of the XAFS spectrometer, the semi-major axis r can be approx-imated by:
with the focal position (c x , c y ), the Bragg angle θ B and the pixel coordinates (px x , px y ).
In figure 5 the boundary lines and an exemplary ellipse segment are drawn on top of an X-ray image. The image represents a part of the bremsstrahlung, whose intensity can be considered as being almost constant within the narrow energy band reflected by the crystal. Obviously the image of the reflection noticeably deviates from the geometrical shape predicted. These deviations are caused by the mosaicity of the HAPG crystal. In the next paragraphs, the three major effects will be discussed.
The reflectivity of the HAPG is not constant over the entire bandwidth. In figure 1 , the mosaic focusing is shown. More precisely, it is shown for the central energy of the band width. For lower or higher energies, the number of crystallites contributing to the mosaic focusing decreases. Thus, the reflectivity of the crystal changes along the dispersion axis.
Also blurred are the edges along the boundary lines of the cone segment reflected by the cylinder segment. This blurring is another consequence of mosaicity. The crystallites are not only tilted in the meridional direction as shown in sketch figure 1, but also perpendicular to the dispersion axis. This sagittal mosaic spread causes a broadening tangentially to the ellipses and therefore a blurring of the edges.
In addition to these two image effects of mosaicity, HAPG thin films exhibit a considerable lateral inhomogeneity of their reflectivity. Reflection images of HAPG show brighter and darker regions.
For these reasons, the boundary lines of the cones and the focus point cannot be identified straight forward from the image. They are determined in two steps. First, the boundaries of individual columns of pixels are determined as the pixel, where the intensity dropped the half value of the inner region of the cone segments. Arctangent functions are fitted to the edges. This works more reliable, if a few columns are summed up. The cone boundaries and the focus point then are determined by fitting two straight lines through the inflection points of these arctangent functions.
In summary, the image evaluation consists of the following steps. First, the dark current background is subtracted from the images and cosmic events at the CCD are removed. In the second step, the image taken with the analyte in the beam path is divided by the blank image, which is taken without absorber or with an absorber, which resembles the specimens matrix, but does not contain the analyte.
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Lambert-Beer-law, with µ the mass attenuation coefficient, Q the mass deposition of the analyte and I and I 0 the twodimensional intensity distributions in the CCD plane with and without sample, respectively, µQ = − ln I I 0 (2) for each of the CCD's pixels. This is due to the fact, that all effects, for example absorption on air and efficiency of the CCD, are included in both measurements with and without sample.
Hence the sample has the only effect on the attenuation given by Equation 2.
The two boundary lines which delimit the cones inner region are determined by the two step fitting procedure described above. The counts are integrated along the ellipses given by equation 1. Finally the energy scale is calibrated by means of a reference spectrum, which defines the energy for one of the channels. The relation between the Bragg angle θ B , defining the energy, and the pixel distance ∆r = r − r 0 to the given reference point r 0 with the corresponding Bragg angle θ B,0 in the direction of the semi-major axis is given by 9 :
with d = D AC = d CC the component's dictance from source to crystal as well as from crystal to CCD, respectively. We like to conclude this section with a remark on the focus point. As only CCD pixels inside the inner region between the cone boundaries are used, the number of counts and, hence, the signal to noise ratio decreases. The XAFS spectrum will degrade in the vicinity of the focus point because there are only few pixels contributing. This is due to our improved image evaluation and the image formation which is due to the used spectrometer geometry. Therefore it is important to chose this focused energy, i.e. choosing the right components' distances, in an energy range with no spectral features. We usually focus an energy approximately 100 eV before the absorption edge. This energy region is only used for normalization and does not have any oscillation, therefore good statistic is not necessary.
Applications

Determination of Concentration Ratios
A prominent application of XANES is the determination of the chemical species or of the mass fractions of chemical species in mixtures. In this section, we demonstrate the suitability of the laboratory spectrometer for the latter by using a linear combination of reference spectra of pure species. We investigated mixtures of Fe and of Fe 2 O 3 powders in various concentration ratios. A convenient way to prepare powder samples for XANES is the use of scotch tape, depositing a powder layer on its sticky side. We determined the mass deposition upon the individual pieces of scotch tape using X-ray fluorescence spectrometry. By stacking several pieces of loaded scotch tape, we could readily compose various mixtures and adapt the overall thickness of the specimen. Greatest care had to be taken for the homogeneity of the powder layers. In fact, the most prominent contribution to the uncertainties given in table 1 for the reference value of the mass deposition originates from the inhomogeneity of the powder coverage.
For the XANES experiments, the spectrometer is equipped with a Mo X-ray tube, which was operated at 10 kV high voltage to have no influence of higher reflection orders. The acquisition time for the reference spectrum was 30 min. Spectra of the mixtures were taken within 5 min in a first run and within 30 min in a second one. Figure 6 displays typical spectra for 30 min measurement time. Table 1 includes the results and the standard deviation for each run.
The mass ratios of Fe and Fe 2 O 3 determined by XANES match the ratios determined by XRF within uncertainties. In this case, where the spectra of the mixture components are rather distinct and the thickness of the specimen can be adapted to the requirements of transmission XANES, the ratios can be determined with an uncertainty of around 3% within 5 min acquisition time and 2% within 30 min, respectively.
Determination of Bond Length
Another important application of XAFS spectroscopy is its use for the study of the local structure. EXAFS is particularly suited to provide information on bond distances and coordination numbers.
EXAFS spectra typically have to cover a wider range of energy, up to 1 keV above the absorption edge. Our XAFS spectrometer has a bandwidth with a full width of half maximum of 600 eV, however the bandwidth of optimal efficiency 1-7 | 5
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Journal of Analytical Atomic Spectrometry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Journal of Analytical Atomic Spectrometry Accepted Manuscript Fig. 6 Measured absorption spectra of pure iron, the mixture with a mass ratio of 50% / 50% Fe to Fe 2 O 3 . From left to right are pictured the absolute absorption coefficient µQ of the pure Fe, the mixture with 50% mass fraction of Fe and the pure Fe 2 O 3 . The offset and slope are due to the scotch tape of each layer and are corrected within the evaluation of the mass ratio by measuring the pure scotch tape. The fit for the mixture is also shown in olive as a linear combination of the respective pure sample spectra. The fit is without the influence of the scotch tape and therefore shifted to lower values for the absorption coefficient µQ. Fig. 7 The absorption spectrum of a Ni foil is shown. It consists out of two seperately measured spectra which are combined to provide good statistics in an energy interval of ca. 500 eV starting at the absorption edge. The purpose is to get a good EXAFS signal for which statistics is rather more important than spectral resolving power. The inset shows the absolute of the Fourier transform of the EXAFS signal. The main peak is attributed to the Ni-Ni distance for the first nearest neighbors. Additionally you can see the peak representing the Ni-Ni distance for the second nearest neighbor which is significantly lower.
is only 400 eV. For the determination of bond length, therefore, we took two spectra with the center energy shifted by approximately 300 eV. The sum of these two spectra provides a sufficient signal to noise ratio up to an energy of 500 eV above the absorption edge, corresponding to ca. 10Å −1 in kspace. The overall acquisition time was 3 h for measurements with and without sample. Figure 7 depicts the spectrum of metallic Ni taken. The inset shows the envelope of the Fourier transform indicating the bonding distances to the atoms neighbouring Ni. The major peak at 2.4Å comes from the Ni-Ni binding and agrees with the value of 2.5Å given by Sutton 12 .
Conclusion and Perspectives
We presented a laboratory spectrometer for XANES and EX-AFS measurements in transmission mode. The performance and the simplicity of the set up are mainly due to the use of the HAPG based von Hamos optic. A standard low power Xray tube can serve as X-ray source. A standard Peltier cooled X-ray CCD serves as detector.
Although the spectral resolving power of around E/∆E ≈ 2000 is considerably lower than those achievable with synchrotron based spectrometer, laboratory based XAFS can be used for identification of chemical elements, analysis of mixtures of compounds or for the determination of bonding lengths in molecules. Measurements, which could only be performed at synchrotron sources up to now, can be carried out with such a laboratory spectrometer. Possible fields of application are catalysis, geology and others. The spectrometer scheme is also of interest for time resolved experiments as proposed in 13 .
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